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The adult ventricular–subventricular zone (V–SVZ) of the lateral ventricle produces several subtypes of
olfactory bulb (OB) interneurons throughout life. Neural stem cells (NSCs) within this zone are hetero-
geneous, with NSCs located in different regions of the lateral ventricle wall generating distinct OB in-
terneuron subtypes. The regional expression of speciﬁc transcription factors appears to correspond to
such geographical differences in the developmental potential of V–SVZ NSCs. However, the transcrip-
tional deﬁnition and developmental origin of V–SVZ NSC regional identity are not well understood. In
this study, we found that a population of NSCs in the ventral region of the V–SVZ expresses the tran-
scription factor Nkx2.1 and is derived from Nkx2.1-expressing (Nkx2.1þ) embryonic precursors. To follow
the fate of Nkx2.1þ cells and their progeny in vivo, we used mice with an Nkx2.1-CreER “knock-in” allele.
Nkx2.1þ V–SVZ NSCs labeled in adult mice generated interneurons for the deep granule cell layer of the
OB. Embryonic brain Nkx2.1þ precursors labeled at embryonic day 12.5 gave rise to Nkx2.1þ NSCs of the
ventral V–SVZ in postnatal and adult mice. Thus, embryonic Nkx2.1þ neural precursors give rise to a
population of Nkx2.1þ NSCs in the ventral V–SVZ where they contribute to the regional heterogeneity of
V–SVZ NSCs.
Published by Elsevier Inc.1. Introduction
The adult ventricular–subventricular zone (V–SVZ) harbors
neural stem cells (NSCs) that are distributed throughout the walls
of the lateral ventricles. While the V–SVZ as a whole produces
numerous subtypes of olfactory bulb (OB) interneurons, V–SVZ
NSCs are not equivalent (Lim and Alvarez-Buylla, 2014; Lledo et al.,
2008). For instance, NSCs in the dorsal V–SVZ give rise to OB in-
terneuron subtypes that are distinct from those produced by
ventral V–SVZ NSCs (Ihrie et al., 2011; Merkle et al., 2007). Dif-
ferences in V–SVZ NSC developmental potential appear to relate to
regional transcription factor expression that divides the V–SVZ
into numerous domains (Lim and Alvarez-Buylla, 2014; Lledo et al.,
2008; Lopez-Juarez et al., 2013; Merkle et al., 2014). However, the
gene expression that deﬁnes the different populations of V–SVZ
NSCs is not well known, and it is also unclear how such regional
differences are established.
The adult V–SVZ exhibits regional patterns of transcriptionan Francisco, Department of
ncisco, CA 94143-0112, USA.factor expression similar to those observed in embryonic devel-
opment, suggestive of a lineage relationship between region-spe-
ciﬁc embryonic neural precursors and NSCs of the adult V–SVZ
(Alvarez-Buylla et al., 2008). For instance, the dorsal V–SVZ ex-
presses Gsh2 (Lopez-Juarez et al., 2013) and other transcription
factors of the lateral ganglionic eminence (LGE) (Kohwi et al.,
2005; Waclaw et al., 2006). While the Gsh2-Cre transgene drives
recombination in many adult V–SVZ cells and OB interneurons
(Young et al., 2007), constitutive Cre-drivers do not generally es-
tablish a precise time at which cell labeling occurred.
The most compelling evidence for an embryonic origin of V–
SVZ regional identity relates to the most dorsal V–SVZ NSC po-
pulation. Using Emx1-CreER mice to label a cohort of E10.5 neural
precursors in the developing pallium, Young et al. (2007) showed
this population gives rise to adult NSCs in the dorsal V–SVZ. In
contrast, the contribution of Nkx2.1-expressing (Nkx2.1þ) neural
precursors to adult OB neurogenesis has been unclear. Cells that
express Nkx2.1 are found in the medial ganglionic eminence (MGE)
– but not the LGE or pallium – and in utero fate-tracing analysis
suggests that E13.5 MGE cells do not normally generate OB inter-
neurons (Wichterle et al., 2001). However, in embryonic Nkx2.1-
Cre mice, a small stream of labeled cells is observed migrating
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transplanted into the OB can generate neurons (Wichterle et al.,
1999). More recently, Merkle et al. (2014) demonstrate that
Nkx2.1þ cells in the early postnatal brain generate a small number
of OB neurons. However, whether Nkx2.1þ V–SVZ NSCs continue
to produce OB neurons into adulthood has not been determined,
and the embryonic origin of this population of NSCs has not been
clearly demonstrated.
In this report, we show that postnatal and adult Nkx2.1þ V–
SVZ cells in the ventral brain generate OB interneurons into
adulthood and derive from embryonic Nkx2.1þ precursors. Our
data indicate that embryonic Nkx2.1þ cells give rise to a regionally
distinct population of V–SVZ NSCs in the adult brain, providing
clear evidence that the ventral identity of neural precursors es-
tablished in the early embryonic brain persists throughout devel-
opment and into adulthood.2. Materials and methods
2.1. Animal Husbandry and Procedures
All experiments were performed with mice of either sex and in
accordance to protocols approved by the Institutional Animal Care
and Use Committee at the University of California, San Francisco.
C57BL/6 (wild type) mice were obtained from Jackson Labora-
tories. Mice homozygous for Ai14 (Madisen et al., 2010) were
mated to mice with the Nkx2-1tm1.1(cre/ERT2)Zjh allele (Tani-
guchi et al., 2011). For the purpose of adult fate-tracing, 4P60
mice received 5 mg tamoxifen (Sigma) dissolved in corn oil (Sig-
ma) by oral gavage per 30 g of body weight once a day for 5 con-
secutive days. For embryonic fate-tracing, timed pregnant dams
with Nkx2.1-CreER; Ai14 embryos were given one dose of tamox-
ifen (5 mg per 30 g body weight) by oral gavage. Embryonic day
0.5 (E0.5) was estimated to be 12:00pm on the day that vaginal
plugs were observed. Bromodeoxyuridine (BrdU) (Sigma) was
administered via drinking water (1 mg/mL) for one week.
2.2. Immunohistochemistry
Embryonic brains were ﬁxed in 4% paraformaldehyde (PFA).
Transcardiac perfusion was performed on postnatal and adult
animals ﬁrst with phosphate buffered saline (PBS) (pH 7.4) and
subsequently with 4% PFA. To prepare specimens for cryosection-
ing, we equilibrated brains in PBS with 30% sucrose for cryopro-
tection and then embedded them in OCT (Tissue-Tek). 12 μm
cryosections were obtained at 23 °C in a Microm HM 525
cryostat (Thermo Scientiﬁc) and stored at 80 °C. To generate
vibratome sections, ﬁxed brains were embedded in 1% agarose and
sectioned at 50 μmwith a Leica VT1000S vibratome. Sections were
stored at 4 °C in PBS with 0.1% sodium azide. Whole mount pre-
parations were performed as previously described (Mirzadeh et al.,
2010).
Immunohistochemistry (IHC) was performed using a blocking
solution consisting of 1% BSA (Sigma), 0.3% Triton-X 100 (Sigma),
0.3 M Glycine (Sigma), and either 10% Normal Goat Serum (Jackson
Immunoresearch) or 10% Normal Donkey Serum (Jackson Im-
munoresearch). Cryosections were incubated in blocking solution
at room temperature for 2 h and then with primary antibodies at
4 °C for at least 16 h. NKX2.1 IHC was performed by incubating
samples in primary antibody for 48 h. Cryosections were in-
cubated with Alexﬂuor conjugated secondary antibodies (Life
Technologies) at room temperature for 30 min (1:500 dilution).
Nuclear counterstain DAPI (Sigma) was applied at 0.1 μg/ml during
the addition of secondary antibodies. For BrDU IHC, we performed
antigen-retrieval by incubation in 2 N HCL at 37 °C for 45 minbefore incubation with anti-BrdU antibodies. Samples were then
re-ﬁxed with 4% PFA for 10 min at room temperature and then
stained for additional antigens (Tang et al., 2007). Vibratome
sections were incubated in blocking solution for at room tem-
perature for 2 h, and then with primary antibodies for 4 °C for
16 h. Secondary antibody incubation (1:500 dilution) was per-
formed at room temperature for 90 min.
The primary antibodies used in this study include: BrdU (rat,
1:250, Abcam #Ab6326). Dcx (rabbit, 1:500, Abcam #Ab18723),
Dcx (guinea pig, 1:500, Millipore #AB2253), Dlx2 (guinea pig,
1:2000, a kind gift from Dr. Kazuaki Yoshikawa), dsRed (rabbit,
1:1000, Clontech #632392), GFAP (chicken, 1:1000, Abcam
#Ab4674), Ki67 (rabbit, 1:500, Vector #VP-K451), Nestin (chicken,
1:500, Aves #NES), Nkx2.1 (rabbit, 1:400, Santa Cruz #SC-13040),
Nkx2.1 (mouse IgG1, 1:250, Leica #NCL-L-TTF-1), phospho-vi-
mentin, Ser55 (mouse IgG2b, 1:500, MBL #D076-3 S), RFP (rat,
1:1000, Chromotek #5F8), Sox2 (goat, 1:200, Santa Cruz SC-
17320), and S100β (mouse, 1:500, Sigma #S2532).
2.3. Imaging and quantiﬁcation
Experiments using C57BL/6 mice were performed with 12 μm
cryosections derived from at least 3 animals per time point (E12.5,
E15.5, E15.5, P7, P60). Embryonic fate labeling experiments using
Nkx2.1-CreER; Ai14 mice were performed with 3 animals at P7 and
6 animals at P60). To quantify the proportion of embryonically
labeled cells that co-expressed NKX2.1 protein, we counted a total
of 4 non-adjacent cryosections per animal (n¼3) for each time
point (P7 and P60). To quantify embryonically labeled cells in the
OB at P60, we analyzed a total of 8 non-adjacent 50 μm vibratome
sections per animal (n¼3). Adult fate labeling using Nkx2.1-CreER;
Ai14 mice were performed with 4 mice per time point (P60 and
P120). To quantify P60-labeled OB cells, we analyzed 20 non-ad-
jacent 50 μm vibratome sections per animal (n¼4). To quantify
P120-labeled OB cells, we analyzed 12 non-adjacent 50 μm vi-
bratome sections per animal (n¼4). To analyze the initial and
terminal dendritic branch point of Class 5 GCs born from adult
Nkx2.1þ precursors, we quantiﬁed between 17 and 26 dendritic
processes per animal (n¼4).
Imaging was performed using either a DMI4000 B epi-
ﬂuorescent microscope with attached DFC345 FX camera or a TCS
SP5 X confocal microscope (Leica). Image processing, including
cropping and pseudo-coloring, was performed with Fiji (Schinde-
lin et al., 2012) and Photoshop CC (Adobe). Quantiﬁcation of
tdTomatoþ cells per unit area was performed using Fiji. Volume
was then calculated by including slice thickness. Brieﬂy, the border
of the granular cell layer (GCL) was traced in Fiji using the “Free-
hand Selection” tool and the area was then calculated using the
“Measure” tool. Relative positions of labeled cells within the GCL
and EPL were calculated with the “Straight” tool. At the location of
each labeled cell, the total radial thickness of the GCL was de-
termined, and the position of the labeled cell was then calculated
as a percentage (%) of this GCL thickness. Student t-tests were
performed using Prism 6 (GraphPad).3. Results
3.1. NKX2.1 is expressed in the ventral germinal zone of the em-
bryonic and early postnatal telencephalon
To determine the temporospatial expression of NKX2.1 in em-
bryonic and postnatal telencephalic germinal zones, we performed
immunohistochemical (IHC) analysis of coronal brain sections
from E12.5, E15.5, P0, and P7 mice. Nkx2.1 is expressed in a re-
stricted region of the early neural tube starting at around E9 (Price
E12.5 E15.5 P0 P7
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MGE
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Fig. 1. NKX2.1 is expressed in ventral germinal regions throughout development. (A–D) IHC analysis of coronal brain sections for NKX2.1 (red) and DAPI (blue) from mice at
low power magniﬁcation at E12.5 (A, A′) E15.5 (B, B′) P0 (C, C′) P7 (D, D′). (A′–D′) higher-magniﬁcation confocal images of A–D. Scale bars¼100 μm.
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with previous results (Flames et al., 2007), we observed Nkx2.1
expression throughout the E12.5 MGE (Fig. 1A), with this domain
of expression ending abruptly in the sulcus between the MGE and
LGE (Fig. 1A′). Shortly after E14.5 the ganglionic eminences ﬂatten,
forming the lateral ventricle wall. At E15.5, NKX2.1þ cells were
present in a ventral domain along both the medial and lateral
walls of the lateral ventricle (Fig. 1B and B′). This ventral domain
was also present postnatally at P0 and P7 (Fig. 1C and D). At all
ages analyzed, the NKX2.1þ domain had distinct dorsal borders in
both the medial and lateral walls (Fig. 1A′–D′).
Radial glial cells (RGCs) are the primary neural precursor of the
embryonic brain (Kriegstein and Alvarez-Buylla, 2009). At E12.5
and E15.5, many of the NKX2.1þ cells close to the ventricle wall
exhibited typical RGC characteristics, including a long radial pro-
cess and the expression of Nestin (Fig. 2A and B). Some NKX2.1þ
cells expressed phospho-vimentin (Fig. 2I and J), which is detected
in mitotic RGCs. At the early postnatal ages (P0 and P7), many
NKX2.1þ cells were also Nestinþ (Fig. 2C and D) and proliferative,
as evidenced by the expression of Ki67 (Fig. 2G and H) and
phospho-vimentin (Fig. 2K and L). Thus, proliferative NKX2.1þ
neural precursor cells exist in the ventral telencephalon through
early postnatal development.
3.2. Adult Nkx2.1þ V–SVZ cells are neurogenic in vivo
IHC of adult (4P60) brains revealed a domain of NKX2.1þ cells
in the ventral V–SVZ (Fig. 3A). NKX2.1 immunoreactivity was not
observed in the dorsal V–SVZ. The majority of NKX2.1þ cells
corresponded to ependymal cells expressing S100β (Fig. 3B). Type
B1 cells – the V–SVZ NSC population – do not express S100β butare immunopositive for glial ﬁbrillary acidic protein (GFAP) (Didier
et al., 1986; Doetsch et al., 1997; Mirzadeh et al., 2008). A small
proportion of NKX2.1þ cells were negative for S100β but were
immunopositive for GFAP (Fig. 3B). Type B1 cells characteristically
also have endfeet upon blood vessels (Mirzadeh et al., 2008), and
we observed GFAPþ/NKX2.1þ cells with processes contacting
blood vessels (Fig. 3C). Some NKX2.1þ cells were also Ki67þ
(Fig. 3D), suggesting that these NKX2.1þ cells continue pro-
liferating in adulthood. We also observed NKX2.1þ cells that co-
expressed markers of the V–SVZ neurogenic lineage (Fig. 3E) in-
cluding DLX2, a key transcription factor for the genesis and mi-
gration of interneurons (Ghanem et al., 2007), and DCX, a marker
of migratory neuroblasts. Together, these data indicated that
Nkx2.1 is expressed in V–SVZ cells of the adult neurogenic lineage.
MGE-born cortical interneurons down-regulate Nkx2.1 expres-
sion prior to arriving in the cortex (Marin et al., 2000; Nobrega-
Pereira et al., 2008). We did not detect any NKX2.1 im-
munopositive cells within the OB (data not shown), suggesting
that the progeny of NKX2.1þ V–SVZ NSCs might down-regulate
Nkx2.1 expression in a similar manner. To investigate whether
Nkx2.1þ cells in the adult brain generate OB interneurons, we
employed a genetic fate-tracing strategy with the Nkx2.1-CreER
allele, in which the CreER expression cassette is inserted into the
endogenous Nkx2.1 locus (Taniguchi et al., 2011). Administration of
tamoxifen to Nkx2.1-CreER mice induces Cre-mediated re-
combination in Nkx2.1-expressing cells, thereby labeling these
cells as well as their descendants (Taniguchi et al., 2011). To follow
the fate of cells that had undergone Cre-mediated recombination,
we used the Ai14 transgene, which expresses tdTomato after ex-
cision of a “ﬂoxed-stop” cassette (Madisen et al., 2010). We ad-
ministered tamoxifen to Nkx2.1-CreER; Ai14 animals from P60-64
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Fig. 2. NKX2.1þ cells in the embryonic and postnatal brain have neural precursor cell identity. (A–L) IHC analysis of the ventral telencephalon for NKX2.1 (red) and neural
precursor markers Nestin (A–D), Ki67 (E–H), and phospho-vimentin (I–L) (all in green) at E12.5 (A,E,I), E15.5 (B,F,J), P0 (C,G,K), and P7 (D,H,L). Scale bar¼10 μm.
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tdTomatoþ cells in the ventral V–SVZ, but not the OB (data not
shown). After 4 weeks (wk), we observed tdTomatoþ cells along
the ventral tip of the lateral ventricles (Fig. 4B and C) consistent
with the regional expression of NKX2.1 protein (Fig. 3A). To de-
termine the identity of the tdTomatoþ cells (hereafter referred to
as Nkx2.1P60-labeled), we performed IHC for the type B1 cell
marker GFAP, and for the ependymal cell marker S100β. We found
that many Nkx2.1P60-labeled cells expressed S100β and had the
morphology of ependymal cells. However, some Nkx2.1P60-labeled
cells were located immediately below the ependymal cell layer
and expressed GFAP (Fig. 4B), suggesting a type B1 cell identity.
After being born in the V–SVZ, DCXþ neuroblasts migrate ante-
riorly along the lateral ventricle in chains that merge into the
rostral migratory stream (RMS) before entering the core of the OB
(Doetsch and Alvarez-Buylla, 1996; Doetsch et al., 1999; Lois and
Alvarez-Buylla, 1994; Luskin, 1993). We also observed DCXþ/
Nkx2.1P60-labeled cells within migratory chains along the walls of
the V–SVZ (Fig. 4C) and within the RMS (Fig. 4D). Together these
data indicate that Nkx2.1þ precursors give rise to cells of the V–
SVZ neurogenic lineage.
In the OB, Nkx2.1P60-labeled cells were found within the gran-
ule cell layer (GCL) of all animals analyzed (Fig. 4E, and F, n¼4) at a
density of 72.8735.7 cells/mm3 (317 cells total). After arriving in
the OB, young neuroblasts exit the RMS and begin differentiating
into interneurons. This progressive maturation of newly-born
granular cell (GC) neurons can be categorized into ﬁve stages (1–5)based on their location and morphology (Petreanu and Alvarez-
Buylla, 2002). Stage 1 cells are the most immature, having the
morphology typical of neuroblasts 5–7 d after their migration from
the V–SVZ and located primarily in the OB core, which is the most
rostral extent of the RMS (Petreanu and Alvarez-Buylla, 2002). We
found that 18.4710.1% (58/317, n¼4) of Nkx2.1P60-labeled GC in-
terneurons were class 1 (Fig. 4G and G′), suggesting that these
cells had recently arrived from their origin in the adult V–SVZ.
Class 4/5 cells are more mature, having elaborate branched apical
dendrites, and represent 11–30 days of differentiation (Petreanu
and Alvarez-Buylla, 2002). We observed class 4/5 tdTomatoþ cells
in 4 of 4 animals (Fig. 4H and H′), indicating that Nkx2.1P60-labeled
V–SVZ cells give rise to mature OB granule cells interneurons.
To further characterize Nkx2.1P60-derived GC interneurons, we
measured the relative positions of their somata within the GCL. OB
granule cells can be classiﬁed into three subtypes depending on
the position of their cell body within the GCL: superﬁcial, inter-
mediate, or deep (Price and Powell, 1970). Deep GC interneurons
are located in the ﬁrst third (0–33%) of the GCL, close to the OB
core, while intermediate (34–66%) and superﬁcial (67–100%) in-
terneurons are located more exteriorly. We found that the majority
of Nkx2.1P60-labeled cells were located deep in the GCL and had an
average relative soma position of 22.971.9% (Fig. 4I, n ¼4). GC
interneurons can be further classiﬁed based on the position at
which their dendrites synapse within the glomerular layer (Kelsch
et al., 2007; Shepherd et al., 2007). We found that Nkx2.1P60-de-
rived granule cells had initial dendrite branch points deep in the
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en face
en face
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Fig. 3. NKX2.1 is expressed in cells of the adult V–SVZ neurogenic lineage. (A) IHC analysis of P60 coronal brain sections for NKX2.1 (red) and DAPI (blue). (B) High-
magniﬁcation confocal analysis of NKX2.1 (red), GFAP (green) and S100β (cyan) expression in the P60 ventral V–SVZ. Both panels are from the same focal plane. White
dashed line depicts lateral ventricle. White arrow points to NKX2.1þ/GFAPþ/S100β cell. Yellow arrows point to NKX2.1þ/GFAP/S100βþ cells. (C) IHC analysis of whole
mount preparations derived from P60 brain. en face view of NKX2.1 (red) and GFAP (green) expression in the ventral surface of lateral ventricle. White arrow points to basal
process contacting a blood vessel (visible because goat-anti-mouse secondary antibody was used). (D) NKX2.1 (red) and Ki67 (green) expression in the ventral surface of the
P60 lateral ventricle, shown en face. (E) IHC analysis of coronal P60 sections showing NKX2.1 (red), DLX2 (green), and DCX (cyan) in the ventral V–SVZ. White dashed line
depicts lateral ventricle. Scale bars: (A) 250 μm (B–E) 10 μm.
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cells, Fig. 4H,J and K). We did not observe tdTomatoþ cells that co-
expressed GCL markers CalR or NPY (data not shown). PGCs were
rare in Nkx2.1P60-labeled brains (2 of 319) and were only observed
in 2 of 4 brains. Thus, these data suggest that adult Nkx2.1þ NSCs
predominantly generate deep GC interneurons.
To determine whether Nkx2.1þ precursors remain active in
older mice, we administered tamoxifen to Nkx2.1-CreER; Ai14mice
from P120-P124 (Supplemental Fig. 1A). 4 wks later, we analyzed
the OB and observed tdTomatoþ cells in the GCL (Supplemental
Fig. 1B, 25.2710.7 cells/mm3, n¼4). The somata of Nkx2.1P120-la-
beled granule cells were located in the deep GCL (Supplemental
Fig. 1C and D, 30.1712.1%, n¼4). Taken together, these data in-
dicate that Nkx2.1þ adult V–SVZ precursors generate new neurons
for the OB GCL throughout adulthood.
3.3. Postnatal and adult NKX2.1þ NSCs are derived from early em-
bryonic Nkx2.1þ neural precursors
We next investigated whether embryonic Nkx2.1þ neural
precursors give rise to the ventral NKX2.1þ NSCs of the postnatal
V–SVZ. To follow the fate of embryonic Nkx2.1-expressing pre-
cursors into early postnatal brain development, we administered
tamoxifen to Nkx2.1-CreER; Ai14 mice at E12.5 and analyzed brains
(n¼3) at P7 (Fig. 5A). Consistent with previous results (Taniguchi
et al., 2011), we observed tdTomatoþ (hereafter referred to asNkx2.1E12.5-labeled) cells in the ventral germinal zone of the late
embryonic brain. At P7, Nkx2.1E12.5-labeled cells were present in
the ventral V–SVZ (Fig. 5B). Nkx2.1E12.5-labeled cells in the V–SVZ
were restricted to the ventral tip in a pattern similar to that of
NKX2.1 protein expression (Fig. 1D and D′). To determine whether
Nkx2.1-labeled cells from E12.5 still expressed NKX2.1 protein at
P7, we performed co-IHC for tdTomato and NKX2.1 (Fig. 5C), and
found that 99.870.4%, of the Nkx2.1E12.5-labeled cells were also
NKX2.1þ (286/287 cells total, n¼3).
At around P7, type B1 cells emerge and begin to express GFAP
(Merkle et al., 2004). In the P7 brain, we observed GFAPþ/
Nkx2.1E12.5-labeled cells in the ventral V–SVZ (Fig. 5D). DCXþ/
Nkx2.1E12.5-labeled cells were also observed among chains in the
ventral, middle and dorsal V–SVZ regions (Fig. 5E). These data
suggest that Nkx2.1E12.5-labeled precursors remain neurogenic in
the postnatal brain.
Next we sought to determine whether Nkx2.1-expressing em-
bryonic precursors also contribute NSCs to the adult V–SVZ. For
this, we analyzed P60 mouse brains (n¼3) for Nkx2.1E12.5-labeled
cells (Fig. 6A). As in the P7 animals, Nkx2.1E12.5-labeled cells in the
V–SVZ of P60 brains were restricted to the ventral tip of the lateral
ventricle (Fig. 6B). IHC revealed that 99.870.3%, (219/220 cells
total, n¼3) of Nkx2.1E12.5-labeled cells in the V–SVZ were also
NKX2.1þ (Fig. 6C). Ependymal cells arise from ventricle-contact-
ing precursors during early postnatal development (Spassky et al.,
2005) and constitute a signiﬁcant proportion of the V–SVZ
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Fig. 4. Nkx2.1þ cells generate OB interneurons in the adult mouse brain. (A) Adult in vivo Nkx2.1-labeling experimental design. High-magniﬁcation images of Nkx2.1P60-
labeled (red) cells with GFAP (green) in ventral V–SVZ (B) and DCX (green) expression in ventral V–SVZ (C) and RMS (D). White dashed line depicts lateral ventricle.
(E) tdTomato expression in the OB after 28 days of tamoxifen administration. (F) Composite drawing of Nkx2.1P60-labeled cells from in the OB 4 wk after labeling. Red dots
depict Nkx2.1P60-labeled cells within the OB core. Black dots depict Nkx2.1P60-labeled cells outside of the OB core. Representative images of class 1 (G) and class 5 (H)
Nkx2.1P60-labeled (red) cells in the OB. (G′ and H′) Pseudo-colored image of tdTomato channel from (G and H). EPL¼external plexiform layer, GCL¼granule cell layer.
Arrowhead denotes initial branch point. Arrow denotes terminal branch location. (I) Relative position of Nkx2.1P60-labeled somata within the GCL. (J) Relative positions of
initial dendritic branch points of Nkx2.1P60-labeled cells within the EPL. (K) Relative positions of terminal dendrite branches within the EPL. Red lines in I and K represent
mean value. Scale bars: (B–D,G′) 10 μm, (H,H′) 100 μm, (E and F) 250 μm.
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majority of Nkx2.1E12.5-labeled cells corresponded to S100βþ
ependymal cells (Fig. 6D). However, a small number of Nkx2.1E12.5-
labeled cells expressed GFAP (Fig. 6E), suggestive of a type B1 cell
identity. As with the P7 brains, we also observed DCXþ/
Nkx2.1E12.5-labeled cells among chains of neuroblasts in the lateral
ventricle walls (Fig. 6F) as well as in the RMS (Fig. 6G and H). To
conﬁrm that Nkx2.1E12.5-labeled cells in the RMS were born in
adulthood, we continuously administered BrdU to the mice for
1 wk prior to analysis. IHC revealed that Nkx2.1E12.5-labeled cells in
the RMS incorporated BrdU (Fig. 6G), suggesting that Nkx2.1E12.5-
derived V–SVZ NSCs are neurogenic in adulthood.
tdTomatoþ cells were observed in the OB of Nkx2.1E12.5-labeled
brains at P60. The majority of Nkx2.1E12.5-labeled cells werelocated in the GCL (Fig. 6I and J, 374/426 cells total, n¼3). Of these,
7.074.5% (28/374 cells total, n¼3) were located in the OB core
and had a class 1 neuroblast morphology, suggesting that they
were recently born in the adult brain. Nkx2.1E12.5-labeled GC in-
terneurons were located in the deep GCL and had an average re-
lative soma position of 23.672.4% (Fig. 6J and K). While the ma-
jority of Nkx2.1E12.5-labeled OB cells were GC interneurons
(Fig. 6L), we also observed tdTomatoþ PGCs (Figs. 6M and M′,
8.671.7%, 36/426 cells total, n¼3) and external plexiform layer
interneurons (4.073.5%, data not shown). Taken together, these
data support a model in which early embryonic MGE neural pre-
cursors give rise to a population of adult V–SVZ NSCs that take
residence in a restricted ventral domain and generate new OB
neurons throughout adult life (Fig. 7).
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Fig. 5. Postnatal V–SVZ NKX2.1þ precursors arise from embryonic Nkx2.1þ precursors. (A) Embryonic in vivo Nkx2.1-labeling experimental design. (B–E) IHC analysis of
coronal sections from Nkx2.1E12.5-labeled brains at P7. (B) Low-magniﬁcation image of Nkx2.1E12.5-labeled (red) cells with DAPI (blue) counterstain at P7. High-magniﬁcation
confocal images of Nkx2.1E12.5-labeled (red) cells with (C) NKX2.1 (green) and (D) GFAP (green) expression in the ventral V–SVZ. Scale Bars: (B) 250 μm (C–E) 10 μm.
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Our results indicate that the ventral V–SVZ contains a population
of Nkx2.1þ NSCs that continues to generate OB neurons throughout
life. These adult NKX2.1þ NSCs derive from Nkx2.1-expressing cells
in the early embryonic brain, indicating that ventral germinal zones
contribute to the positional heterogeneity of the adult V–SVZ by
giving rise to a regionally-speciﬁed population of NSCs.
Adult Nkx2.1þ V–SVZ NSCs primarily generated OB inter-
neurons of the deep GCL. While NSCs in the dorsal V–SVZ give rise
to superﬁcial granule cells, NSCs in the ventral V–SVZ primarily
generate deep granule cells (Merkle et al., 2007). The production of
deep OB granule cells is therefore consistent with the ventral lo-
cation of NKX2.1þ NSCs within the V–SVZ (Fig. 3). V–SVZ NSCs
also have a rostral–caudal identity. While rostral V–SVZ NSCs
produce many PGCs, the caudal V–SVZ produces very few (Merkle
et al., 2007). Consistent with the caudal location of the Nkx2.1
domain within the V–SVZ (Fig. 3 and Merkle et al., 2014), we ob-
served very few PGCs born from adult Nkx2.1þ NSCs. Further
characterization of GC interneurons born from Nkx2.1þ V–SVZ
NSCs revealed that they extend dendritic arbors into the deep EPL
(Fig. 4H, J, and K). This deep lamina-speciﬁc dendritic targeting is
consistent with adult born GC interneuron identity described by
Kelsch et al. (2007). Therefore, the Nkx2.1 V–SVZ domain gener-
ated neurons consistent with the temporospatial identity of an
adult, ventrocaudal NSC population.
In comparison to the dorsal–lateral regions of the V–SVZ, there
are relatively few NSCs in the ventral regions of the lateral ven-
tricle (Mirzadeh et al., 2008). Moreover, the adult Nkx2.1þ domain
(Fig. 3) is a small proportion of the entire V–SVZ. Thus, the number
of Nkx2.1-lineage OB interneurons born in the adult mouse brain
(Fig. 4) appears to be commensurate with the relatively small size
of the Nkx2.1 V–SVZ domain and the paucity of NSCs in this ventral
region. For instance, Nkx2.1P60-derived neuroblasts contributed to
0.05%70.037 (n¼4) of the DCXþ cell population in the RMS
(Fig. 4D). However, given that Nkx2.1þ NSCs continued to generate
new OB neurons late into life (Supplemental Fig. 1), it is interesting
to consider that the neurons generated by this spatially restricted
population of NSCs might have unique and important functions forolfaction.
What is the developmental origin of the different V–SVZ NSC
populations? While Emx1þ embryonic neural precursors of the
developing cortex have been fate-traced to adult NSCs in the
dorsal V–SVZ, the origin of NSCs in other regions of the adult
lateral ventricle has been less clear. Multiple studies have im-
plicated the LGE as an important origin of V–SVZ NSCs (Kohwi
et al., 2005; Waclaw et al., 2006; Young et al., 2007). For example,
E13.5 LGE cells produce many OB neurons during development
(Wichterle et al., 2001), and when grafted into the adult brain, LGE
cells can also generate neurons for the OB (Wichterle et al., 1999).
Furthermore, the embryonic LGE and MGE express Gsh2, and adult
Gsh2-Cre mice have labeled NSCs in the V–SVZ (Young et al., 2007).
However, because Gsh2 is also expressed in the adult V–SVZ (Lo-
pez-Juarez et al., 2013), the Gsh2-Cre transgene may label V–SVZ
cells in both the embryonic and adult brain, making it difﬁcult to
establish an embryonic origin to the Gsh2þ cells of the adult V–
SVZ. Similarly, while Nkx2.1-Cre labels cells in the ventral V–SVZ
(Young et al., 2007), we found Nkx2.1 to be expressed throughout
development and into adulthood (Figs. 1–3), again making it un-
clear when Nkx2.1-Cre induces recombination.
To more clearly establish a temporal relationship between a
population of embryonic neural precursors and V–SVZ NSCs, we
used the Nkx2.1-CreER allele to label a cohort of Nkx2.1þ pre-
cursors at E12.5, which gave rise to NSCs of the postnatal and adult
V–SVZ. At E12.5, the expression of Nkx2.1 distinguishes the MGE
from the LGE (Flames et al., 2007). While Nkx2.1 is expressed in
other E12.5 ventral brain regions such as the septum and preoptic
area (POA), the MGE does not express Dbx1, which is detected in
these other ventral embryonic regions (Hirata et al., 2009). Mice
with the Dbx1-Cre transgene do not appear to have labeled cells in
the ventral V–SVZ (Young et al., 2007). Thus, in light of these other
studies, our fate-tracing analysis of embryonic Nkx2.1þ cells
suggests that the MGE is an important embryonic origin of NSCs in
the ventral V–SVZ.
Interestingly, we found that Nkx2.1þ precursors labeled during
embryogenesis generated a more diverse population of OB inter-
neurons than those labeled in adulthood. While the majority of
Nkx2.1E12.5-labeled cells in the OB were GC interneurons
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Fig. 6. Postnatal day 60 V–SVZ NKX2.1þ precursors arise from embryonic Nkx2.1þ precursors. (A) Embryonic in vivo Nkx2.1-labeling experimental design. (B) Low-mag-
niﬁcation image of Nkx2.1E12.5-labeled (red) cells with DAPI (blue) counterstain at P60. High-magniﬁcation confocal images of Nkx2.1E12.5-labeled (red) cells and (C) NKX2.1
(green), (D) S100β (cyan), and (E) GFAP (green) expression in the ventral V–SVZ at P60. White dashed lines depict lateral ventricle. (F) High-magniﬁcation image of
Nkx2.1E12.5-labeled (red) cells and DCX (green) expression in the lateral V–SVZ. White dashed lines depict lateral ventricle Nkx2.1E12.5-labeled (red) cells in the RMS with
(G) BrdU (green) and (H) DCX (green) IHC. White dashed line depicts border of RMS. (I) tdTomato expression (red) in the OB at postnatal day 60 with DAPI counterstain
(blue). (J) Composite drawing of Nkx2.1E12.5-labeled cells in the P60 OB. Colored dots depict Nkx2.1E12.5-labeled cells within the OB core (red), GCL (black), EPL (green), and GL
(blue). (K) Relative positions of Nkx2.1E12.5-labeled somata within the GCL. Red lines represent mean value. Representative images of Nkx2.1E12.5-labeled (L) GC interneurons
and (M,M′) PGCs. Scale Bars: (B,I and J) 250 μm, (C,G,L) 50 μm, (M,M′)25 μm,(D–F,H) 10 μm.
R.N. Delgado, D.A. Lim / Developmental Biology 407 (2015) 265–274272(87.475.0%), we also observed a substantial population of labeled
PGCs (8.671.7%, Fig. 6M and M′), which were exceptionally rare in
Nkx2.1P60-labeled mice (n¼2/4, 2 of 319 cells). Using a con-
stitutively active, transgenic Nkx2.1-Cre driver, Xu et al. (2008)
observed streams of labeled cells migrating from the MGE toward
the OB, suggesting that Nkx2.1þ precursors generate OB inter-
neurons during embryogenesis. Furthermore, analysis of Nkx2.1-
Cre transgenic animals at P100 revealed labeled PGCs (Xu et al.,
2008). These previous data, taken together with our results sug-
gest that the majority of PGCs derived from Nkx2.1þ precursors
arise during embryogenesis.
What accounts for the difference in the developmental poten-
tial of embryonic and adult Nkx2.1þ precursors? One possibility is
that there is a single homogeneous population of Nkx2.1þ pre-
cursors whose fate becomes restricted over time. Another possi-
bility is that there are multiple subpopulations of Nkx2.1þ pre-
cursors with different developmental potentials. Recent work by
Fuentealba et al. (2015) suggests that V–SVZ NSCs are born from
embryonic precursors between E13.5 and E15.5 but remain
quiescent until postnatal life. After performing clonal analysis,
they found that most individual V–SVZ NSCs generate either PGCsor GCs, but not both (Fuentealba et al., 2015). Therefore, it is
possible that by administering tamoxifen to Nkx2.1CreER:Ai14
mice at E12.5 (Fig. 6), we labeled a population of precursors that
are neurogenic during embryogenesis as well as a population of
quiescent precursors that later becomes V–SVZ NSCs in postnatal
life. The population of Nkx2.1þ precursors in the embryonic brain
may contain clones that generate PGCs and GCs, while those in the
adult brain may generate primarily GC cells.
Do transcription factors that determine regional identity in the
embryonic brain continue to deﬁne developmental differences in
V–SVZ NSCs of the adult? Gsh2 is expressed in neural precursors in
the LGE and MGE, and the Gsh2-Cre driver labels cells that later
become V–SVZ NSCs that are distributed along the entire dorsal–
ventral extent of the lateral ventricle wall (Young et al., 2007).
However, using both a Gsh2-GFP reporter mouse and GSH2 IHC
analysis to detect active Gsh2 transcription, Lopez-Juarez et al.
(2013) found that Gsh2 expression in the adult V–SVZ is restricted
to the dorsolateral regions and is not detected in cells in the
ventral V–SVZ (Lopez-Juarez et al., 2013). These results indicate
that while a large proportion of the V–SVZ derives from cells that
express Gsh2 at some point during development, Gsh2 expression
Embryo Adult
Fig. 7. Regional identity of embryonic Nkx2.1þ precursors is maintained into
adulthood. Model of Nkx2.1þ domain from embryogenesis into adulthood.
Nkx2.1þ radial glia (depicted in upper inset) give rise to Nkx2.1þ type B1 cells
(depicted in lower inset) of the adult V–SVZ.
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embryonic Nkx2.1þ neural precursors give rise to a much more
spatially restricted population of V–SVZ NSCs (Young et al., 2007),
and virtually every Nkx2.1E12.5-labeled cell in the V–SVZ continued
to express NKX2.1 protein in the postnatal and adult brain (Figs. 5C
and 6C). RGCs are considered to be the NSC population of the
embryonic brain (Kriegstein and Alvarez-Buylla, 2009). In addition
to generating many neurons and glia during embryogenesis, RGCs
also give rise to V–SVZ NSCs during early postnatal development
(Merkle et al., 2004). Taken together, our results suggest that the
expression of Nkx2.1 in embryonic RGCs is “maintained” as they
continue dividing throughout development and after they become
NSCs of the adult brain (Fig. 7).
The regional identity of neural precursors is a critical aspect of
normal brain development. How is Nkx2.1 expression maintained
in a spatially precise pattern despite the rapid growth and the
complex anatomical changes of the developing brain? While sonic
hedgehog (SHH) signaling is required for the expression of Nkx2.1
and many other ventral transcription factors through mid-em-
bryonic development (Fuccillo et al., 2004; Gulacsi and Anderson,
2006; Hebert and Fishell, 2008; Xu et al., 2005), it is unclear
whether neural precursors require SHH-signaling to maintain the
expression of these transcription factors later in development.
Future studies may determine the extent to which external mor-
phogens such as SHH and cell-intrinsic epigenetic mechanisms
maintain the expression of important determinants of neural
precursor regional identity.5. Conclusions
We provide clear evidence that Nkx2.1-expressing precursors in
the E12.5 embryo give rise to a speciﬁc regional population of V–
SVZ NSCs that maintain Nkx2.1 expression throughout life. Con-
sistent with their ventral position within the V–SVZ, Nkx2.1þ V–
SVZ precursors generate a subpopulation of deep granule inter-
neurons. Further studies regarding how Nkx2.1 expression is
regulated over time will provide key insights into how NSC het-
erogeneity is maintained throughout development.Acknowledgments
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